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Abstract

Key message We detected a QTL for single seed weight
in soybean that was stable across multiple environments
and genetic backgrounds with the use of two recombi-
nant inbred line populations.

Abstract Single seed weight (SSW) in soybean is a key
determinant of both seed yield and the quality of soy food
products, and it exhibits wide variation. SSW is under
genetic control, but the molecular mechanisms of such con-
trol remain unclear. We have now investigated quantitative
trait loci (QTLs) for SSW in soybean and have identified
such a QTL that is stable across multiple environments
and genetic backgrounds. Two populations of 225 and 250
recombinant inbred lines were developed from crosses
between Japanese and US cultivars of soybean that differ in
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SSW by a factor of ~2, and these populations were grown
in at least three different environments. A whole-genome
panel comprising 304 simple sequence repeat (SSR) loci
was applied to mapping in each population. We identified
15 significant QTLs for SSW dispersed among 11 chromo-
somes in the two populations. One QTL located between
Sat_284 and Sat_292 on chromosome 17 was detected
(3.6 < LOD < 14.1) in both populations grown in all envi-
ronments. This QTL, tentatively designated gSwi7-1,
accounted for 9.4-20.9 % of phenotypic variation in SSW,
with a dominant allele being associated with increased
SSW. Given its substantial effect on SSW, gSwl7-1 is an
attractive target for positional cloning, and SSR markers
closely associated with this locus may prove useful for
marker-assisted selection for SSW control in soybean.
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Introduction

Single seed weight (SSW), often expressed as 100-seed
weight, is an important yield component in soybean and
has been found to show a positive correlation with seed
yield (Burris et al. 1973; Smith and Camper 1975). SSW
is also associated with germination viability and seed vigor
(Edwards and Hartwig 1971; Hopper et al. 1979). In addi-
tion, seed size, or SSW, is a determinant of the quality of
soy food products, with small-seed soybean generally
being used for natto and soy sprouts and large-seed soy-
bean being preferred for tofu, edamame, and boiled soy-
bean. As a result, soybean germplasm manifests wide vari-
ation in SSW, which ranges 30-775 mg per seed (Hartwig
1973; Kaga et al. 2012).

SSW in soybean is a transmittable trait with high herit-
ability ranging 44-94 % (Brim 1973), and it is controlled
by many genes with additive effects (Brim and Cockerham
1961). The construction of consensus linkage maps for
soybean (Song et al. 2004; Hwang et al. 2009; Hyten et al.
2010) has facilitated the identification of agronomic trait
loci, including quantitative trait loci (QTLs). This strategy
has been applied to the detection of QTLs for SSW, with
several such loci having been identified (Orf et al. 1999;
Chapman et al. 2003; Hoeck et al. 2003; Fasoula et al.
2004; Hyten et al. 2004; Zhang et al. 2004; Panthee et al.
2005; Xu et al. 2011; Han et al. 2012; Hu et al. 2013). A
recent genome-wide association study performed with 257
soybean cultivars also described the detection of QTLs
associated with seed size (Niu et al. 2013). Indeed, many
QTLs for SSW that map to all the 20 chromosomes have
been deposited to date in SoyBase (http://soybase.org,
accessed 27 October 2013). These findings indicate that
SSW in soybean is controlled by a series of QTLs that
function in different combinations and strengths in differ-
ent populations or environments. However, with the excep-
tion of one locus, /n (narrow leaf) (Mandl and Buss 1981;
Dinkins et al. 2002; Jeong et al. 2012), no gene that con-
trols SSW has been isolated.

Recent analysis of allelic diversity at molecular marker
loci has revealed that the Japanese and Chinese cultivars of
soybean constitute different germplasm pools (Zhou et al.
2000; Hwang et al. 2008; Kaga et al. 2012). On the other
hand, North American as well as southeast and south-cen-
tral Asian cultivars overlap with the diverse Chinese germ-
plasm pool (Abe et al. 2003; Ude et al. 2003). The Japanese
germplasm pool likely reflects relatively few introductions
from the ancestral continental germplasm pool, with sub-
sequent breeding efforts having led to the development of
unique and distinct germplasm pools in North America and
Japan. Given that SSW is a commercially important trait
for Japanese traditional soy food products such as natto,
edamame, and boiled soybean, ongoing and sustained
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selection might have resulted in the wide variation in SSW
apparent in the Japanese germplasm pool in spite of its
relatively low genetic diversity (Kaga et al. 2012). Unique
genes that control SSW may remain or have emerged in the
Japanese germplasm pool. However, genetic analysis of
SSW performed with Japanese cultivars has been limited
(Watanabe et al. 2004).

The objective of the present study was to detect QTLs
for SSW in soybean that are substantial and stable across
multiple environments and genetic backgrounds. For this
purpose, we developed two recombinant inbred line (RIL)
populations from crosses between US standard soybean
cultivars (Athow and Stressland) and typical Japanese
large-seed soybean cultivars (Ohsuzu and Tachinagaha),
which differ by a factor of ~2 in SSW, and we grew these
populations in at least three different environments.

Materials and methods
Plant materials

Two RIL populations, designated OA-RILs and ST-RILs,
were developed by the single seed descent (SSD) method
from Ohsuzu x Athow (PI 595926) and Stressland (PI
593654) x Tachinagaha (PI 561396) crosses, respectively.
Athow [maturity group (MG) III] and Stressland (MG IV)
were selected as standard US cultivars developed for soy-
bean meal and vegetable oil by the Agricultural Research
Service of the US Department of Agriculture (USDA-ARS)
(Wilcox and Abney 1997; Cooper et al. 1999). Ohsuzu
(MG III) and Tachinagaha (MG V) were selected as typi-
cal Japanese large-seed cultivars used for food products
such as tofu and boiled (cooked) beans. Generations were
advanced to Fg for the OA-RIL population and to F; for
the ST-RIL population by SSD, after which they were
advanced without selection. The OA-RIL population con-
sists of 225 lines, and the ST-RIL population comprises
250 lines. To determine the mode of inheritance of a main
QTL, we selected heterozygous F, plants from the OA-RIL
population using DNA markers in the region proximal to
the QTL. These plants were selfed to produce Fg_; residual
heterozygous lines (RHLs) (Yamanaka et al. 2005). Seg-
regating seeds were obtained by selfing of a heterozygous
individual in each selected line in 2007.

Experimental conditions of field trials

All plant materials with the exception of OA-RHLs were
grown in two locations, Akita (the Kariwano branch of the
Daisen research station of NARO Tohoku Region Agricul-
tural Research Center, located at 39°32'N, 140°22’E) and
Kyoto (the Experimental Farm of Kyoto University, located
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'Ijable 1 Statis.tical analysi.s of Population Environment SSW (mg/seed)
single seed \yelght (SSW) in the (location-year)
parental cultivars and the OA- Parents RILs
RIL and ST-RIL populations
grown in different environments Pl P2 Range Mean cv W
OA-RIL
P1: Ohsuzu Akita-2007 373 200 205403 276 13.1 0.99 NS
P2: Athow Akita-2008 302 177 165-338 234 13.1 0.99 NS
Akita-2010 341 211 197-327 250 10.9 0.99 NS
Kyoto-2010 292 179 174-328 246 12.1 0.99 NS
W indicates statistical value in ST-RIL
Shapiro-Wilk test Pl:Stressland  Akita-2010 153 352 153-305 236 135 098 NS
cv Cf’ef%dem of variation, N§ P2: Tachinagaha  Kyoto-2010 166 358  180-323 241 143 096  #*
not significant Akita-2011 170 358 146-317 230 14.6 1.00 NS

** P <0.01

at 35°40'N, 139°46'E), from 2007 to 2011 excluding 2009.
OA-RIL population was grown at Akita in 2007, 2008, and
2010, and at Kyoto only in 2010, while ST-RIL popula-
tion was grown at Akita in 2010 and 2011, and at Kyoto
only in 2010 (Table 1). The experimental field at Akita has
a highly humic andosol and was fertilized with 24 kg ha™!
of N, 80 kg ha=! of P, and 80 kg ha~! of K before sowing;
each line or cultivar was planted in plots 2-2.4 m in length
with a row spacing of 0.75 m and plant separation within
each row of 0.12 m. The experimental field at Kyoto has an
alluvial sandy loam soil and was fertilized with 30 kg ha™!
of N, 100 kg ha™! of P, and 100 kg ha~! of K before sow-
ing; each line or cultivar was planted in a single row plot
1.35 m in length with a row spacing of 0.7 m and plant sep-
aration within each row of 0.15 m. One hundred and eight-
een lines were randomly selected from each population
and grown at both Akita and Kyoto in 2010, while all lines
were grown in the other years. Plots at each location were
arranged according to a randomized complete block design
with two replications. All plants with the exception of two
at both ends of each row were harvested and threshed in
bulk. Experimental conditions for each year and location
are summarized in Supplementary Table 1. Segregating
plants of selected OA-RHLs were grown at Akita in 2010
under the same conditions as other lines, and all the plants
were individually harvested.

Phenotypic measurements

After threshing in each plot with a thresher, 200 healthy
seeds were randomly selected and air-dried. Each air-dried
sample was weighed, and its water content was determined
with a grain moisture tester (PM830-2; Kett Electric Lab-
oratory, Tokyo, Japan). The mean SSW was adjusted to
reflect a water content of 15 %. For OA-RHLs, SSW was
determined by weighing 50 randomly selected healthy
seeds without adjustment for moisture content, given

that the seed mass of most plants was insufficient for its
measurement.

In addition to SSW, seed shape characters were deter-
mined for the OA-RIL population grown at Akita in 2007
and 2008. Ten seeds were sampled randomly from each
plot for the measurement of seed height (SH), seed length
(SL), and seed thickness (ST) with a digital caliper (CD-
15PSX; Mitutoyo, Kanagawa, Japan). SH was defined as
the longest distance vertical to the hilum, SL as the longest
distance perpendicular to the SH axis, and ST as the long-
est distance perpendicular to the SH and SL measurements
(Nelson and Wang 1989). The height to thickness ratio
(HTR) was calculated by dividing SH by ST, and the height
to length ratio (HLR) was calculated by dividing SH by SL
(Nelson and Wang 1989). Seed volume was estimated as
SL x SH x ST (Salas et al. 2006).

Agricultural characters such as flowering time (R1),
the pod number per plant (PN) and seed number per pod
(SNP), were evaluated in addition to SSW for the two RIL
populations grown in 2010. The date on which more than
50 % of the plants flowered was recorded as the flower-
ing date. This benchmark corresponded to the reproductive
stage 1 (R1) described by Fehr et al. (1971). Pods having
seeds of five plants in each plots were counted to calcu-
late PN. The number of potential seeds for each plant was
obtained in accordance with the previous report of Jeong
et al. (2012) to calculate SNP. The seed number per plant
(SN) was calculated by multiplying SNP and PN. Simi-
larly, the seed weight per plant was calculated by multiply-
ing SSW and SN.

Construction of genetic linkage maps
Total DNA was isolated from seeds of the Fy generation of
the OA-RIL population and from those of the F; genera-

tion of the ST-RIL population with the use of an Automatic
DNA Isolation System according to Plant DNA Extraction
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Protocol version 2 (PI-50a; Kurabo, Osaka, Japan). A
whole-genome simple sequence repeat (SSR, or micro-
satellite) panel consisting of 304 such loci was applied to
mapping in each population (Sayama et al. 2011). Three
additional markers (GMES4177, Sat_092, Sat_222) were
selected from the integrated linkage map (Hwang et al.
2009), and a phenotypic marker (D¢/) of stem growth habit
was also used to construct the linkage maps for both the
OA-RIL and ST-RIL populations. In addition, the genotype
of a leaf shape locus (/r) in each line of the ST-RIL popula-
tion was analyzed on the basis of a cleaved amplified pol-
ymorphic sequence (CAPS) marker with the use of a pair
of polymerase chain reaction (PCR) primers (5'-CCCTT
TAACTTTCTCTCTCTTATGAC-3/, 5-GGTATGATCAT
GAAGTTTACCGGA-3’) and the restriction enzyme BgIII.
The Ln genotype harbors an AGATCT sequence recognized
by Bg/Il in the region of the base sequence determining
leaf shape, whereas the In genotype harbors an ACATCT
sequence at the same position (Jeong et al. 2012). The PCR
products were reacted with 1 U of Bg/Il (Toyobo, Tokyo,
Japan) for 5 h at 37 °C and then fractionated as described
previously (Hwang et al. 2008). Linkage between mark-
ers was analyzed with the use of MAPMAKER/EXP 3.0b
(Lincoln 1992). Genetic distances (centimorgans) were
calculated with the Kosambi mapping function (Kosambi
1943). Linkage maps were graphically visualized with
MapChart (Voorrips 2002).

QTL analysis

The position and effects of QTLs were calculated by com-
posite interval mapping (CIM) analysis with the use of
Windows QTL Cartographer version 2.5 (Wang et al. 2010)
and with Model 6 (Standard Model and Regression method
2; Backward Regression method with the default parame-
ters). The genome was scanned at 1 cM intervals. For CIM
analysis, we conducted 1,000 x permutation tests (signif-
icance level, P < 0.05) to determine the LOD (logarithm
of odds) score threshold for the detection of minor QTL
effects beyond the effects of large environmental differ-
ences. Detected QTLs including the same adjacent markers
were regarded as identical in this study.

Statistical analysis

Quantitative data are presented as mean £ SD. Statisti-
cal analysis was performed with the statistical package R
version 2.12.2 (http://www.r-project.org). The statistical
significance of differences was evaluated by analysis of
variance (ANOVA) followed by Student’s ¢ test for com-
parisons between two groups or by the Tukey—Kramer test
for comparisons among three or more groups. Pairwise
associations were examined by Pearson product-moment
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correlation analysis. A P value of <0.05 was considered
statistically significant. The normality of phenotypic data
was evaluated by the Shapiro—Wilk test.

Results
Phenotypic variation of mean seed weight

As expected, SSW differed between parental cultivars, with
that for Ohsuzu and Tachinagaha being about twice that
for Athow and Stressland, respectively, in all environments
(Table 1). SSW in the two RIL populations showed a con-
tinuous distribution that approximately spanned the values
for the two parents (Supplementary Fig. 1). In the OA-RIL
population, 29 lines in 2007, 2 lines in 2008, 5 lines in 2010
at Akita, and 8 lines in 2010 at Kyoto showed abnormal
growth as a result of physiological disorders or disease and
were therefore excluded from subsequent analysis, whereas
18 lines in 2010 at Akita, 12 lines in 2010 at Kyoto, and 57
lines in 2011 were excluded for the same reasons in the ST-
RIL population. There was a significant positive correlation
(P <0.001) for SSW in each combination of environments
for each population (Supplementary Fig. 2, Supplementary
Table 2). SSW for the all data sets except the data set of
ST-RILs in 2010 at Kyoto exhibited a normal distribution
(Table 1). ANOVA for comparison of SSW in two different
pairs of data sets for the OA-RIL population and between
two datasets for the ST-RIL population revealed signifi-
cant effects for RIL (G) and cultivation year (E) as well as
a significant interaction between RIL and cultivation year
(G x E) at the P < 0.01 or P < 0.001 level (Supplementary
Tables 3-5). These results suggested that SSW is a typical
quantitative trait after taking into account the environmen-
tal differences.

Construction of genetic linkage maps

Genetic linkage maps were constructed for each RIL
population with the use of a whole-genome panel consist-
ing of 304 SSR loci as well as three additional markers
(GMES4177, Sat_092, Sat_222) (Hwang et al. 2009; Say-
ama et al. 2011). A total of 189 marker loci, including 185
SSRs from the whole-genome panel, the three additional
markers (GMES4177, Sat_092, Sat_222), and a pheno-
typic marker (Dt1) of stem growth habit, exhibited obvi-
ous polymorphism in the OA-RIL population. The resultant
linkage map for the OA-RIL population comprised 20 link-
age groups (LGs) and covered a total of 2,609.1 cM. The
average number of marker loci in each LG was 9.5, and the
average distance between markers was 13.8 cM. For the
ST-RIL population, a total of 170 marker loci, including
167 markers from the whole-genome SSR panel, one of the
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Table 2 Detection of QTLs associated with single seed weight (SSW) in the OA-RIL population grown in four different environments

Cultivation year

Location Chr (LG) Position (cM) Marker interval

LOD score® Effect® (mg) R2°(%) Name of QTLY

2007 Akita 17 (D2) 455 Satt372
4(C1) 95.1 Sat_235
2008 Akita 17 (D2) 45.5 Satt372
18 (G) 45.0 Sat_315
9 (K) 57.1 Satt559
15 (E) 75.4 Satt263
13 (F) 82.7 Satt663
2010 Akita 17 (D2) 458 GMES4177
Kyoto 15 (E) 83.8 Satt263
4(C1) 51.5 GMES0780
10 (O) 39.7 Satt653
17 (D2) 45.5 Satt372
2 (D1b)  121.8 Sat_183

GMES4177 8.9 14.9 160 gSwi7-1,,
AI794821 32 —8.4 52
GMES4177 14.1 14.3 209 gSwi7-1,,
Satt394 3.6 8.2 7.0
Satt499 3.6 6.8 48
Sat_380 3.6 74 48  gSwis-1,,
Satt]14 34 6.9 48  gSwid-l,,
CSSR172 176 12.6 204 gSwi7-1,,
Sat_380 52 112 132 gSwis-1,,
Satt646 48 ~10.9 12,5
Satt345 4.1 117 14.1
GMES4177 3.8 92 94  gSwi7-1,,
Satg001 33 -85 73

# LOD scores were calculated by CIM. LOD score thresholds were 3.1 for Akita-2007, 3.1 for Akita-2008, 3.1 for Akita-2010, and 3.2 for
Kyoto-2010, which were equivalent to a 5 % genome-wide Type 1 error rate in each environment, and they were applied to QTL detection

b Additive effect: a positive value indicates that the effect of the maternal (Ohsuzu) allele is to increase SSW

¢ Proportion of total phenotypic variation explained by the locus

4" Bold type indicates a QTL detected at a similar position in all four environments

three additional markers (GMES4177), a molecular marker
of leaf shape (In), and the phenotypic marker D¢/, exhib-
ited obvious polymorphism. The resultant linkage map for
the ST-RIL population comprised 20 LGs and covered a
total of 2,671.1 cM. The average number of marker loci in
each LG was 8.5, and the average distance between mark-
ers was 15.7 cM. The marker order and distance between
loci for the constructed linkage maps accorded well with
those of our previous maps (Hwang et al. 2009; Sayama
et al. 2011). We therefore applied the generated linkage
maps to the detection of QTLs for SSW.

QTL analysis for SSW in different environments

Proper LOD thresholds were calculated on the basis of a
genome-wide permutation test (1000x) for the identifica-
tion of significant QTLs for SSW in both OA-RIL and ST-
RIL populations. Nine QTLs for SSW with LOD scores
ranging 3.2-14.1 were mapped to chromosomes 2, 4, 9, 10,
13, 15, 17, and 18 in the OA-RIL population, with each of
these loci accounting for 4.8-20.9 % of total phenotypic
variation (Table 2). A QTL that mapped to chromosome
17 (adjacent to GMES4177) was consistent across envi-
ronments and was designated gSw17-1,, (quantitative trait
locus for single seed weight on chromosome 17-number 1
in the OA-RIL population) (Fig. 1a). The LOD scores for
this locus (8.9, 14.1, 7.6, and 3.8) were the largest of those
obtained in three of the four environments, and the locus
accounted for 16.0, 20.9, 20.4, and 9.4 % of phenotypic
variation in the respective environments. Another QTL that

mapped between Satt263 and Sat_380 on chromosome 15
were detected in two environments, and was designated as
qSwi5-1,,. For Kyoto-2010, ¢gSwi5-1,, yielded the larg-
est LOD score (5.2) and accounted for 13.2 % of pheno-
typic variation. These two QTLs, gSwli7-1,, and gSwi5-
14, had positive additive effects on SSW, indicating that
Ohsuzu contributed alleles that led to an increase in SSW.
The remaining seven QTLs were detected only one of the
four environments in the OA-RIL population.

For the ST-RIL population, six QTLs for SSW with
LOD scores of 3.5-18.5 were mapped to chromosomes
5, 12, 13, 17, and 20, with each locus accounting for 4.3—
27.0 % of total phenotypic variation (Table 3). A QTL that
mapped to the same location as gSwl7-1,,, designated
qSwli7-1¢r, was consistent across environments (Fig. 1b).
These findings suggested that gSwi7-1¢; and gSwli7-1,,
might be identical and were therefore together designated
qSwli7-1. The gqSwli7-1¢ locus had the second highest
LOD score (3.6, 4.8, and 11.8) in each of the three envi-
ronments, and it accounted for 11.4, 11.6, and 15.0 % of
phenotypic variation in these respective environments. The
Japanese cultivar Tachinagaha contributed to the increase in
SSW attributable to gSwli7-1¢. Another significant QTL,
which mapped in the vicinity of Sat_105 on chromosome
20 and was designated gSw20-1¢y, was consistent across
environments and yielded the highest LOD score (7.1,
7.6, and 18.5) in each, and it accounted for 26.0, 20.3, and
27.0 % of phenotypic variation in the respective environ-
ments. In contrast to gSwi7-1 ¢y, the US cultivar Stressland
provided alleles of gSw20-1 ¢ responsible for the increase
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(@)
Chr_17 (LG_D2) LOD score
0 2 4 6 8 10 12 14
Sat_333 0.0 01 —— ‘
|
Satt135 27.5 20
Sat_284 30.5
Satt372 39.4
GMES4177 45.8
CSSR172  48.9
Sat_092 53.2
Sat_222 81.6
Sat_292 84.4
Satt389 91.7
Sat_338 100.3
Satt488  101.2
120 |
Satt186  124.8 d
GMES4770 130.5 1 3
} 4
Satt672  137.2 a0 1 \\
Satt386  145.4 ¢ \

Fig.1 Linkage maps of chromosome 17 (LG D2) for a QTL associ-
ated with single seed weight (SSW) (¢Swi7-1) in the OA-RIL and
ST-RIL populations. a LOD scores for the QTL in the OA-RIL popu-
lation grown in four different environments (Akita-2007, Akita-2008,
Akita-2010, and Kyoto-2010) are indicated with the lines labeled a,
b, ¢, and d, respectively. The LOD threshold (3.1) for Akita-2007 is
also indicated by a continuous line. The double-headed arrow denotes
the location of gSwi7-1,,. Marker names together with the cumula-

(b)
Chr_17 (LG_D2) LOD score
0 2 4 6 8 10 12 14 16
GMES0252 0.0 o R —
Sat 333 58 1
200
Satt135  31.4 4
Sat_284 350 Y Nyttt A
Satt372 40.5 4017
GMES4177 47.7 3 7
CSSR172 497 af ;¢ ip
60 |
Sat 292 76.0 I v
80
Satt389  83.6 1 qSw17-1¢;
Sat_338 92.6 1
100 §
Sattige  113.4 +
GMES4770 119.3 4

tive map distance from Sat_333 (in centimorgans) are shown. b LOD
scores for the QTL in the ST-RIL population grown in three differ-
ent environments (Akita-2010, Akita-2011, and Kyoto-2010) are
indicated with the lines labeled a, b, and c, respectively. The LOD
threshold (3.2) for Akita-2010 is also indicated by a continuous line.
The double-headed arrow denotes the location of ¢gSwl7-1g. Marker
names together with the cumulative map distance from the marker
GMESO0252 (in centimorgans) are shown

Table 3 Detection of QTLs associated with single seed weight (SSW) in the ST-RIL population grown in three different environments

Cultivation year Location Chr (LG) Position (cM) Marker interval LOD score®  Effect® (mg) R2°(%) QTL¢
2010 Akita 20 (D 59.3 Sat_105 - ILn 7.1 16.7 26.0 qSw20-1 ¢
17(D2) 48.8 GMES4177 - CSSRI172 3.6 —11.1 11.4 qSwi7-1¢p
Kyoto 20 (D 58.3 Sat_105 - Ln 7.6 15.8 20.3 qSw20-1g;
17(D2) 49.7 GMES4177 - CSSR172 48 —12.3 11.6 qSwi7-1¢p
13 (F) 82.7 Sat_039 - Satt663 3.6 —10.3 8.6 qSwi3-1g;
2011 Akita 20 (D 60.3 Sat_105 - Ln 18.5 17.8 27.0 qSw20-1¢;
17(D2) 47.8 GMES4177 - CSSR172 11.8 —12.9 15.0 qSwi7-1gp
12 (H) 73.6 Sat_206 - Satt302 5.7 -9.6 8.4
20 (D 100.7 Satt623 — Sct_189 4.7 —-8.0 5.6
5(Al1) 18.0 Sat_368 — Sat_344 35 —6.9 4.3

% LOD score thresholds of 3.2 for Akita-2010, 3.2 for Kyoto-2010, and 3.2 for Akita-2011 were applied to QTL detection

b
¢ Proportion of total phenotypic variation explained by the locus
d
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Bold type indicates QTLs detected at a similar position in all three environments



Theor Appl Genet (2014) 127:1365-1374

1371

in SSW. A genic marker (narrow leaflet, [n) derived from
Tachinagaha mapped at the same position as gSw20-1¢,
(Supplementary Fig. 3).

A QTL, gSwi3-1,,, was detected between Satt663 and
Satt1 14 on chromosome 13 in the OA-RIL population for
Akita-2008, and a QTL, gSwi3-Ig;, was observed in a
similar region in the ST-RIL population for Kyoto-2010
(Tables 2 and 3). The Japanese cultivars provided the
alleles of both loci responsible for the increase in SSW.
These findings suggested that gSwi3-1,, and gSwi3-Ig;
might be identical and were therefore together tentatively
designated gSwi3-1. In contrast to gSwl7-1, however,
this QTL was unstable, being detected only once in each
recombinant inbred population, in which it exhibited LOD
scores of 3.4 and 3.6 and accounted for 4.8 and 8.6 % of
phenotypic variation, respectively. The remaining three
QTLs were detected in only one of the three environments
in the ST-RIL population.

Thus, among the four QTLs (gSwl17-1, gSw20-1, gSwi5-
1, and gSw1i3-1), only gSwi7-1 appeared to be stable across
all environments and genetic backgrounds (Tables 2 and 3).

Mode of inheritance of gSw17-1

To investigate the mode of inheritance of gSwli7-1, we
selected two RHLs from the OA-RIL population according
to a heterozygous region adjacent to this QTL. The progeny
of the RHLs would be expected to show simple phenotypic
segregation based on the effects of the target QTL at the
residual heterozygous region in a uniform genetic back-
ground (Yamanaka et al. 2005). The progeny of the two
OA-RHLs was thus divided into three groups (Ohsuzu type,
Athow type, and heterozygous type) according to the geno-
type of the SSR marker GMES4177, which is proximal to
gSwli7-1. The Ohsuzu-type and heterozygous-type progeny
showed a significantly increased SSW compared with the
Athow-type progeny (Table 4). The genotype of gSwi7-1
was thus found to contribute significantly to the variation
in SSW, with a dominant allele derived from Ohsuzu being
responsible for the increase in SSW.

Effects of gSwli7-1 genotype on seed shape

Soybean has a highly variable seed shape as well as SSW.
To investigate the possible effects of gSwi7-1 genotype
on seed shape, we determined characters related to seed
shape in the OA-RIL population grown at Akita in 2007
and 2008 (Table 5). For all characters examined, the effect
of line (G), the effect of location (E), and the interaction
between line and location (G x E) were significant at the
0.1 or 1 % level (Supplementary Tables 3), suggesting that
these characters are subject to genetic control beyond envi-
ronmental differences. The individual lines of the OA-RIL

Table 4 Comparison of single seed weight (SSW) for two RHLs seg-
regating gSw17-1 genotype

Parents or RHLs Genotype No. of SSW
selected from at gSwl7-1 plants (mg/seed)®
OA-RILs (GMES4177)* Mean + SD
P1: Ohsuzu 10 282 +24
P2: Athow 10 186 £9
OA-RIL-217 Ohsuzu 51 210 £ 18A
Heterozygote 110 207 + 19A
Athow 62 195 + 22B
OA-RIL-221 Ohsuzu 8 256 + 20A
Heterozygote 14 249 £ 9A
Athow 13 227 £ 62B

& Allelic type for gSwli7-1 is based on the genotype of the marker
GMES4177

® Values followed by the same uppercase letter do not differ signif-
icantly at the 5 % level from each other within each RHL (Tukey—
Kramer multiple-comparison test)

population were divided into two allelic types, Ohsuzu
type and Athow type, for gSwi7-1 on the basis of the gen-
otype of GMES4177, and the seed shape characters were
compared between the two allelic types. The genotype of
GMES4177 contributed significantly to the variation in
SSW, with Ohsuzu contributing a positive allele. Similarly,
seed volume (SV), seed height (SH), seed length (SL),
and seed thickness (ST) differed significantly between the
two gSwli7-1 allelic types, but the corresponding height to
thickness (HTR) and height to length (HLR) ratios did not.
These results, thus, indicated that gSw17-1 contributes to
a uniform enlargement of soybean seed with no effect on
seed shape per se.

Effects of gSw17-1 genotype on agricultural characters

We also examined other agricultural characters such as
SNP, PN and flowering time (R1) for the OA-RIL and ST-
RIL populations grown at the two locations (Akita and
Kyoto) in 2010. For all characters examined, the effect
of line (G), the effect of location (E), and the interaction
between line and location (G x E) were significant at the
0.1 or I % level (Supplementary Tables 4 and 5), sug-
gesting that these characters are subject to genetic control
beyond environmental differences. The individual lines
of the RIL populations were also divided into two paren-
tal allelic types for gSwli7-1 on the basis of the genotype
of the adjacent marker GMES4177, and the agricultural
characters were then compared between the two allelic
types (Supplementary Tables 6 and 7). The genotype of
qSwl7-1 was found to contribute significantly to SSW, with
Ohsuzu and Tachinagaha contributing positive alleles to
the OA-RIL population at both locations and to the ST-RIL
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Table 5 Relation between characters related to seed shape and gSw17-1 genotype for the OA-RIL population grown at Akita in 2007 and 2008

Character Akita-2007 Akita-2008
Pl P2 Ohsuzu type®  P°  Athow type® Pl P2 Ohsuzu type*  P*  Athow type?
Ohsuzu Athow (n=9)5) (n=96) Ohsuzu Athow (n = 108) (n=110)
Mean £+ SD Mean £ SD Mean + SD Mean £+ SD
Single seed weight (mg) 373 200 290 £ 36 Rk 263 + 32 302 177 247 £ 30 Rk 221 + 26
Seed height (mm) 8.89 7.37 8.49 £+ 0.38 wHk 827 +0.35 8.43 7.06 8.02 + 042 k775 +0.40
Seed length (mm) 8.38 6.87 7.91 £0.28 #kE 7,66 +0.27 7.84 6.59 7.58 £0.38 #Hk 726 +0.33
Seed thickness (mm) 7.19 5.68 6.74 £ 0.28 #EE 6,53 +0.29 6.80 5.46 6.26 + 0.34 % 6.02 £0.35
HTR® 1.17 1.21 1.18 £ 0.04 NS 1.18 £0.04 1.15 1.21 1.21 £0.04 NS 1.21+0.04
HLRY 0.94 0.93 0.93 +0.03 NS 0.934+0.03 0.93 0.93 0.95 £0.03 NS 0.94 £0.03
Seed volume (mm?)° 536 288 454 + 50 k415 +43 449 254 383 £ 54 Rk 340 + 47

2 Allelic type for gSw17-1 is based on the genotype of the marker GMES4177

b

¢ Height to thickness ratio (HTR)
4 Height to length ratio (HLR)

e

population at Kyoto, respectively. Other characters includ-
ing R1 did not differ significantly between the gSwi7-1
genotypes in any of the four data sets.

Discussion

We have performed a detailed analysis of SSW and geno-
types in two RIL populations of soybean derived from par-
ents that manifest a large difference in SSW. We identified
four QTLs (¢gSwi7-1, gSw20-1, qSwi5-1, and gSwi3-1)
that were associated with SSW consistently across environ-
ments or genetic backgrounds. Among these QTLs, only
qSw17-1 was identified in all environments for both popula-
tions, and it accounted for a large proportion (9.4-20.9 %)
of total phenotypic variation in SSW. To date, many QTLs
for SSW that map to all 20 chromosomes have been
described in SoyBase. Some of these previously described
QTLs were mapped to chromosome 17 (LG D2), but they
were identified with a lower LOD score compared with that
for gSwi17-1 (Hoeck et al. 2003; Hyten et al. 2004; Panthee
et al. 2005; Liu et al. 2007; Han et al. 2012). Fine-scale
mapping will be required to determine whether any of these
previously identified loci are identical to gSw17-1. Most of
the populations analyzed for SSW in previous studies were
developed from parents with relatively small differences
in this trait. In contrast, we developed segregating popula-
tions from US and Japanese cultivars that differ in SSW by
a factor of ~2. Japanese soybean germplasm was previously
found to show wide variation in SSW (Kaga et al. 2012),
given that seed size is a determinative factor for soy food
products such as natto, boiled beans, and edamame. Indeed,
the gSwl7-1 alleles of the large-seed parental cultivars,
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Significance of differences between the Ohsuzu allele and the Athow allele: *** P < 0.001 (Student’s 7 test); NS not significant

Seed volume was calculated by multiplying length, height, and thickness

Ohsuzu and Tachinagaha, contributed to increasing SSW in
the RIL populations of the present study. Some Japanese
soybean accessions have a SSW (>700 mg per seed) much
larger than those of the two Japanese cultivars used in our
study. Japanese germplasm thus likely harbors multiple
alleles and loci that contribute to the variation in SSW.

Soybean cultivars also show diversity in seed shape
(Nelson and Wang 1989; Kaga et al. 2012), which is also
under genetic control (Cober et al. 1997). Seed shape is
also associated with seed quality for food-type soybean,
given that round seeds are mainly used as a food source.
We found that, although gSwi7-1 was a determinant of
seed size, it did not affect seed shape, consistent with a pre-
vious observation that seed shape and seed size are not cor-
related (Cober et al. 1997).

SSW is an important factor in seed yield, with posi-
tive relations between seed size and seed yield having
been described for soybean (Burris et al. 1973; Smith and
Camper 1975). However, we did not detect any significant
QTL associated with seed yield in the vicinity of gSwl7-
I (data not shown). We divided the individual lines of the
OA-RIL and ST-RIL populations into two groups accord-
ing to gSwl7-1 genotype as estimated from the genotype of
GMES4177 (Supplementary Tables 6 and 7). The genotypes
of gSwi7-1 manifested a significant difference in SSW,
indicating that GMES4177 might be a powerful molecular
marker for the selection of SSW. The gSwli7-1 genotypes
did not manifest a significant difference in total seed weight,
however. Changes in other yield components such as pod
number per plant and seed number per plant appeared to off-
set the increase in SSW, although no significant differences
in these parameters or in seed number per pod were detected
between the two genotypes. A similar phenomenon was
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previously observed for two QTLs associated with a yield
component in rice (Ohsumi et al. 2011). The introduction of
two QTLs that increase spikelet number per panicle, thus,
had a little impact on grain yield as a result of compensatory
changes in other yield components. An increase in sink size
such as SSW, thus, does not necessarily result in a substan-
tial improvement in seed yield (Sadras 2007). Fundamental
traits such as photosynthetic ability for provision of a suf-
ficient source supply would thus likely need to be improved
to achieve a response to an increase in sink demand.

In addition to gSwl17-1, we identified three other QTLs
(gSw20-1, gSwi5-1, and gSwli3-1) that impacted SSW in
at least two environments and or both populations. Tachi-
nagaha has a narrow leaflet phenotype controlled by a
single gene, /n (Bernard and Weiss 1973), whereas Stress-
land has an ovate (wild) leaflet phenotype controlled by a
dominant allele (Ln) of this gene. A genic marker for the
In locus mapped to the same position as gSw20-1 in the
present study. The narrow leaflet allele in the homozygous
condition also increases SNP (Hartwig and Edwards 1970;
Mandl and Buss 1981; Jeong et al. 2012), and this allele
has a negative effect on SSW as a result of the increase in
SNP (Dinkins et al. 2002). Stressland, which harbors the Ln
allele, provided alleles of gSw20-1 that led to an increase in
SSW and a decrease in SNP (Supplementary Tables 8). It
thus appears likely that gSw20-1 is identical to In. In con-
trast, gSwi5-1 and ¢gSwi3-1, like gSw17-1, did not appear
to affect leaflet phenotype or SNP (data not shown), sug-
gesting that the functions of the responsible genes differ
from that of In. The ¢gSwi5-1 locus was associated with
SSW in the OA-RIL population in two environments, with
the Ohsuzu allele increasing seed weight. QTLs for SSW
were previously detected on chromosome 15 (Mian et al.
1996; Orf et al. 1999), but their relation to gSw15-1 remains
unclear. The QTL gSwi3-1 was detected only once in each
recombinant inbred population, and, as with gSwi5-1 and
qgSwl7-1, the alleles of this QTL derived from the Japanese
cultivars increased SSW. QTLs were also previously identi-
fied in the vicinity of ¢gSwi3-1 (Mian et al. 1996; Hoeck
et al. 2003; Hyten et al. 2004). Unlike gSw17-1 and gSw20-
1, however, gSwi5-1 and gSw1i3-1 appeared to be unstable
and greatly influenced by environment.

Our two RIL populations allowed the detection of sev-
eral QTLs associated with SSW in soybean, among which
qSwl17-1 was found to be stable and to have a substantial
effect across populations and environments. Our results
reflect the great variation within and large differences
between US and Japanese cultivars with regard to SSW
(Kaga et al. 2012). Further characterization of gSwl7-1,
including isolation of the responsible gene, should pro-
vide further insight into such differences in SSW as well as
provide a basis for the development of breeding lines with
favorable alleles by marker-assisted selection.
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